Two Mexican wheat varieties conditioned to three initial moisture levels (17, 25 and 37% dry basis) were dried with air at 40, 60, 80 and 100 C for 60 min periods in a laboratory scale fluidised bed system. Drying kinetics and activation energy was determined. Weight per hectolitre, wheat hardness, total protein content, dough mixing time and loaf volume were analysed. The results showed that the initial moisture content and drying velocity lowered the activation energy necessary to extract water from the grain. The effect of temperature and moisture content in the grain were the most important factors to control damage during drying. The hard wheat variety was less susceptible to heat damage than the soft variety, probably due to its higher protein content and harder texture. Weight per hectolitre, wheat hardness and drying did not considerably modify total protein content. Conversely, mixing time and loaf volume showed changes directly related to heat treatment severity. Fluidised bed drying at 40 and 60 C
INTRODUCTION
Harvested wheat in Mexico has, in general, no more than 14% moisture content (wet basis). However due to ambient humidities, in some regions it may have up to 37% moisture content (wet basis) [1] . From the commercial point of view, this high moisture content results in rejection due to fast deterioration of wheat [2] . For this reason, grain with high moisture content is subjected to a drying process [3] . However, wheat drying at high rate and temperature can be deleterious without visual alteration of the material. Further processing, such as breadmaking make this alteration evident [4, 5, 6] . Uncontrolled temperature conditions during drying mainly affect gluten proteins, decreasing the breadmaking potential and resulting in reduced loaf volume and undesirable sensory characteristics [7, 8] . Schofield et al. [9] and Lupano and Anon [10] demonstrated that changes in glutenin are mainly due to application of high temperatures during drying. However, other factors such as variety, initial moisture content of the grain and drying time must be also considered. Ghaly and Sutherland [11] and Giner and Calvelo [12] studied fluidised bed drying as an alternative method. As this process has high mass and energy transport coefficients, better thermal yield takes place at higher velocity resulting in minimal quality deterioration of dried wheat and production of an homogeneous material [7, 13, 14] . The objective of this work was to study the effect of initial moisture content of the grain and drying temperature on the breadmaking quality of two commercial wheat varieties grown in Mexico, dried in a fluidised bed system. As moisture content in Mexican wheat may vary considerable due to weather conditions throughout the country, the effect of initial moisture content is a determinant factor; standardization of this parameter contributes to better marketing. In addition, no comparative studies have been reported including hard and a soft Mexican varieties, resulting in different grain characteristics and, in consequence different breadmaking quality of wheat.
MATERIALS AND METHODS

Raw Material
Two commercial wheat varieties (Triticum aestivum), commonly cropped in Mexico, a soft variety, Salamanca S75 from Bajı´o, Guanajuato (Central Mexico) and a hard variety, Oasis F89, Valle del Fuerte, Sinaloa (Pacific coast), harvested in 1998 were kindly supplied by INIFAP (National Research Institute for Forestry, Agriculture and Animal Production, Mexico). Samples were sieved to eliminate debris. They were then thoroughly mixed, separated into 1000 g batches and randomly allocated to each one of three initial moisture content (17, 25 and 37% dry basis). In order to reach these moisture contents, the samples were added with enough water and left for 24 h at room temperature (ca. 18 C) to stabilise.
Wheat Drying
It was carried out using a laboratory scale fluidised bed system consisting of an acrylic cylinder 0.1 m diameter, 0.6 m high with an open upper part and a perforated plate distributor located in the bottom. The vacuum equipment was calibrated with dry air (0.008 kg water=kg air), 0.01214 m 3 =s volumetric flow and 1.54 m 3 =s surface velocity. Experimental temperatures were 40, 60, 80 and 100 C. Inlet air temperature was kept at a constant rate by means of a controller; bed temperature was continuously monitored with thermocouples connected to a recorder (Blue M., Electric Corp., IL). Once the system was thermally equilibrated, 1 kg wet grain was fed to the drier. Three-gram samples were taken in triplicate every 10-min up to 1 h of total study time.
Moisture content was calculated as dry basis by weight difference after drying grain samples at 110 C for 24 h [13, 15] . Using the Arrhenius equation activation energy necessary for drying each wheat variety was obtained. Minimum fluidising velocity (U mf ) was 1.2 m=s with a vacuum bed fraction of 0.4. Both wheat varieties had 0.004 m average particle diameter (d p ), 0.83 factor particle shape (f) and 1350 kg=m 3 solid apparent density (f p ) [15] . After drying, the grain was rapidly cooled down to ambient temperature and stored in a dry place at ca. 18 C.
Grain Quality
Quality parameters analyzed after drying were: weight per hectolitre (WH) by the AACC method number 55-10 [16] in a Cobos cereal balance, model BOE6-5-59; wheat hardness using the Scott barley pearler standard method, measuring the material eliminated after abrasion of a 20 g sample during 1 min and total protein content by AACC method number 46-10 [16] using a 5.7 factor. Wheat milling was carried out in a laboratory scale mill (Quadrumat Senior Mill, Brabender Inc. South Hackensack, NJ) following the AACC method number 26-20 [16] . Mixing characteristics were analysed according to the AACC method number 54-40 [16] using a Swanson mixograph (National Manufacturing Co. LN). Maximum displacement (optimum time) was obtained from the graphs; graph deformation in the mixograph plots was also recorded. Finally bread was fabricated with tested wheat according to the direct breadmaking method number 10-10 [16] . Loaf volume was determined by seed displacement [16] . Untreated wheat was used as control.
Statistical Analysis
Treatments were randomly allocated to a factorial model including two levels of wheat variety (Oasis and Salamanca), four temperatures (40, 60, 80 and 100 C) and three initial moisture contents (17, 25 and 37%). All treatments were studied in duplicate. Response variables were weight per hectolitre, wheat hardness and total protein content, dough mixing time in a Swanson mixograph, and loaf volume. Analyses were made in triplicate. Data were subjected to analysis of variance and multiple range test (Tukey's test) [17] , using a SAS statistical package [18] .
RESULTS AND DISCUSSION
According to the drying curves ( Figure 1 ) an increase in temperature accelerated grain dehydration. According to Tosi et al. [19] and Fellow [20] this process starts with a diffusion mechanism at increasing temperature. Both wheat varieties had similar behaviour; however the soft variety (Salamanca) had a final moisture content 1% lower compared to the hard variety (Oasis). Drying velocity (Àdx=dt) had a linear relationship with drying time (Eq. (1)) , with a further decreasing trend.
Àdx=dt ¼ kðxÞ ð 1Þ Table 1 shows k values, calculated for each variety, initial moisture content and drying temperature. Assuming that k followed the Arrhenius law, once Eq. (2) was linearised the activation energy was related to thermal process as:
where k is drying constant (s À1 ), k 0 is pre-exponential factor (s À1 ), E is activation energy (kJ=kg mol), R is gas constant (8.314 kJ=kg mol K), and T is temperature (K). From the activation energy values, it was concluded that the drying temperature affected the water diffusion velocity from the interior to the grain surface. The higher the drying velocity the lower the activation energy. Therefore, as the initial moisture content of the grain increased, activation energy necessary to extract the water decreased (Table 1) . Initial moisture content was gradually eliminated at different velocities depending on the wheat variety and drying temperature. Ghaly and Sutherland [11] and Fellow [20] reported that physical and chemical properties of wheat grains and theft flours can be affected by heat treatment, damaging cell membranes and increasing solute concentrations, resulting in an increase in osmotic pressure. When drying temperature is increased due to high drying velocity, changes in the grain occur. These changes are more deleterious than changes caused by low dehydration velocity and temperature. Therefore, parameter control is of main importance in keeping a high grain quality [21] .
Grain Quality Characteristics
Weight per hectolitre (WH) and grain hardness showed significant differences (P > 0:05) for varieties and temperature, but not for initial moisture content and their interactions. WH had a disperse behaviour with minor adjustment of the obtained results. Halverson and Zeleny [22] and Hosney [23] showed that WH and grain hardness are quality parameters characteristic of each variety and related to milling quality. The specific use of each variety depends on density, moisture, impurities and grain uniformity. The more dense the grains, the more probable to stand heat treatment during drying. Table 2 shows that WH mean values for Oasis were higher than for Salamanca. Conversely, hardness was lower for Oasis than for Salamanca, as a result of a softer texture. Fellow [20] reported that grain structure, different among varieties, is modified during heat treatment resulting in more or less rough aspect due to expansion and contraction. This changes in roughness is due to grain density, and consequently to its WH and hardness. In spite of changes in the physical characteristics of heat-treated grain, results did not show changes as a direct result of variation in drying temperature. Therefore, these parameters cannot be considered as quality index, in agreement with the finding of Tosi et al. [19] and Campan˜a et al. [24] . Total protein content showed significant differences (P > 0:05) only with respect to wheat variety. It was assumed that no protein losses occurred during drying. Analysis of variance showed that dough mixing time had significant differences for varieties and temperatures, but not for initial moisture content (Table 3 ). Table 2 shows that Oasis wheat, with strong, more resistant gluten, had a higher mixing time than Salamanca wheat, with a weak, less resistant gluten. Pomeranz [2] reported that gluten proteins form a network, and this structure depends on among and characteristics of the residues. The network strength determines the physicochemical characteristics of given dough, as well as its breadmaking characteristics. When grains were dried at 40 and 60 C, the dough had mixing times close to that found for the control. This means that at these temperatures the dough did not had detrimental rheological changes due to heat treatment. Conversely, the dough obtained from grain dried at 80 and 100 C had a considerable decrease in their rheological properties, showing mixing times much higher than the control. These results were similar to those reported by Finney et al. [4] and Preston et al. [5] for Canadian wheat varieties. These authors found that wheat gluten subjected to a drastic drying process became harder and tougher, increasing dough mixing time. The maximum mixing time peak in mixograph plots was shifted forward in more than 1 min, changing the line shape, and decreasing the peak high as drying temperature increased. Samples undergoing damage during drying were identified for the graph elongation after dough hydration ( Figure 2 ). In addition, these plots lack a characteristic peak after 6 min mixing. Several authors [25, 26, 27, 28] reported that modifications in wheat dough physical properties, previously subjected to heat treatment, were due to denaturation of albumin, globulin and gliadin. These proteins can interact among themselves or with glutenin fractions, the main protein affected by thermal treatment. As a result aggregates are formed through hydrophobic and disulphur bonds, leading to folding of gluten proteins. Therefore, when proteins modify new high molecular weight protein complexes are formed, affecting the dough rheology. Statistical analysis showed significant changes in loaf volume for varieties, temperature and initial moisture content (Table 3 ). Our results are in agreement with those reported by Bruce [29] who reported that loaf volume, widely used to determine flour quality, was a very a sensitive test. Loaf volume mean values ( Table 2 ) of bread prepared with grain dried at 40 and 60 C was slightly higher than the control, revealing that these two temperatures prevented quality deterioration, in addition to promote an improvement in loaf volume.
According to Kent [30] it is possible to promote an increase in loaf volume with respect to the control by proteolytic enzyme inactivation which occurs between 55 and 60 C. Conversely, loaf volume when wheat treated at 80 and 100 C were lower, with cracked surfaces and deficient internal aspect. These flours had low or no fermentation capacity. High temperatures promoted protein denaturation and aggregation, with no water binding ability; starch gelatinises, cellulose crystallises and tissues harden [26, 9, 19] . All these phenomena affect flour breadmaking quality. Loaf volume is mainly affected by dried temperature (Tables 2 and 3 ). Tosi et al. [19] , Lupano and An˜on [10] and Campan˜a et al. [24] reported that initial moisture content of the grain and drying temperatures must be low in order not to affect wheat breadmaking quality. In this work, Tukey's test showed that means for initial moisture content were diffent only at 17% (Table 3 ). In general, soft-gluten Salamanca variety having less protein content was more affected by heat treatment than hard-gluten Oasis variety with more protein content (Tables 2 and 3 ). This was in agreement with that reported by Ghaly and Taylor [31] for Australian wheats, showing that grain hardness and protein content were the main factors affecting wheat drying.
CONCLUSIONS
The main effect on wheat quality during fluidized bed drying was drying temperature and, in a lesser extent, wheat variety and initial moisture content of the grain. Grain hardness was more affected by thermal treatment than weight per hectolitre. Physical properties such as weight per hectolitre and hardness were not sensitive enough to detect heat damage in the grain. Conversely, the detrimental effect notably affected dough mixing characteristics and loaf volume. Dough mixing time, as measured in a mixograph, showed changes in viscoelastic properties of wheat dough in a direct relationship to gluten denaturation, estimated by changes in loaf volume. Wheat quality deterioration due to excessive heating (80 to 100 C) promoted a reduction in wheat breadmaking characteristics, with deficient or no leavening. Adequate drying at 40 to 60 C of grain with 17% initial moisture content seemed to have an improving effect on grain quality. A soft wheat variety, Salamanca, with 9% protein content was more affected by heat treatment than a hard wheat variety, Oasis, with 11% protein content.
